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SUPERVISORY CONTROL - AN INTRODUCTION

Supervisor

S(s)| Discrete event system |S

« What do we mean by specifications ?
« How does S modify the behavior of G ?




!ﬁ FEEDBACK CONTROL WITH SUPERVISORS

INSTITUTO
SUPERIOR

rcenico . CONTROLLED D.E.S.
DES G : G=(X,E, f,I,x,,X,), X may be infinite

Language of DES G: LG)=L L=L

Marked language of G: L, (G)= L,

Controllable events : E

C

Uncontrollable events: £,

(e.qg., faults, high priority events, hardware or actuation limitations)

L CL, E=E UE,



!ﬁ FEEDBACK CONTROL WITH SUPERVISORS

RRRRRRRR

reenico - SUPERVISOR D.E.S.

S(s)

Control policy S

Control action S(s)

Supervisor function :  §: (G )— 2F
Enabled transitions : ~ S(s)NT(f(x,,s))



Iﬁ FEEDBACK CONTROL WITH SUPERVISORS
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Admissible

supervisors : Mg BN GEISSE)

S is not allowed to ever disable a feasible uncontrollable event.

The feedback loop S/G (S controlling G”) is an instance of
dynamic feedback since the domain of S(.) is L(G) and not
X. Thus the control action may change in subsequent visits
to the same state x € X.



!ﬁ LANGUAGES GENERATED AND MARKED BY S/G

INSTITUTO

sprenos LANGUAGE GENERATED BY S/G

. e€L(S/G)

2. [(SEL(S/G))A (SOEL(G))A (OE S(S))]© [SGEL(S/G)]

LANGUAGE MARKED BY S/G
L (S/G)=L(S/G)NL (G)

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima




!ﬁ LANGUAGES GENERATED AND MARKED BY S/G

RRRRRRRR

L(S/G)=L(S/G) - prefix closed by definition

DES S/G is blocking : [(S/G)=L (S/G)
DES S/G non blocking: L(S/G)=L (S/G)

DES S/G blocking = supervisor S is blocking

DES S/G non blocking = supervisor S is non
blocking
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CONTROL UNDER PARTIAL OBSERVATION

P(s)

Sp(s)

Observable and unobservable events E_, E

E=E UE,
S, : PlL(G)]— 2F



Iﬁ CONTROL UNDER PARTIAL OBSERVATION
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The projection P: E* — E; hides the unobservable events

executed by G from P - supervisor S,

*The supervisor cannot distinguish between two strings s,
and s, with the same projection, i.e., P(s,) = P(s,).

*For such s,, s,€ L(G), the P-supervisor will issue the same
control action, S[P(s,)].

*The control action can change only after the occurrence of
an observable event, i.e., when P(s) changes.




!ﬁ CONTROL UNDER PARTIAL OBSERVATION

INSTITUTO

SUPERIOR Assume t=t’c is observed and define

L, = P (") {o}(S, ()N E,) NLG), 0EE,

L, contains all the strings in L(G) that are effectively subject to the control

action Sy(t), when S; controls G, i.e., those belonging to P-'(t){c} as well as
to the unobservable continuation of P7(t'){o}

Admissible

P-supervisors =_

Sp is not allowed to ever disable a feasible (but possibly
unobservable) uncontrollable continuation in L(G) of all strings

that S, applies to. Note that the control action remains in
effect until the next observable event is executed by G.

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control



!ﬁ LANGUAGES GENERATED AND MARKED BY S;/G

INSTITUTO

sprenios LANGUAGE GENERATED BY Sp/G

1. ¢€L(S,/G)

2. [s€L(S,/G)A(so €LG)A (0ES,[P(s))]< [so€L(S,/G)]

LANGUAGE MARKED BY S;/G

L (S,/G)=L(S,/G)NL (G)

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima




!ﬁ FEEDBACK CONTROL WITH SUPERVISOR
An Examele
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L(G) = fabc} o i
Lm(G)={ab} ga@=@
G is blocking

all events controllable and observable

O*O~0~C
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ot CORRL:
m(G) ={ab} Jah=o
G is blocking
all events controllable and observable €

OO~0~C




!ﬁ FEEDBACK CONTROL WITH SUPERVISOR
An Examele
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L(G) = {;bc } Se)=1a
L G)—{ b} &a)={b}
m (G)={a 9ab=o
G is blocking
all events controllable and observable { } da

O~O~0~C




!ﬁ FEEDBACK CONTROL WITH SUPERVISOR
An Examele
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L(G) = {;bc } Se)=1a
L G)—{ b} &a)={b}
m (G)={a 9ab=o
G is blocking
all events controllable and observable { } ab

O*O~0~C
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16 =T} -
L (G — tab) CORRL:
m(G) ={a Jah=o
G is blocking
all events controllable and observable ab
O*O~0~0O

L(S/G)=L,(S/G)=ab;
S /G is nonblocking
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A o

L,,(G) = {ab} P

G is blocking
event c uncontrollable {b} ab




!ﬁ FEEDBACK CONTROL WITH SUPERVISOR
An Examele
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0~ o
L, (G) = {ab} Tobo 1
G is blocking
event c uncontrollable {C} abC
O*O~0~0O
L(S/G)= L, (S/G)

S/ G is blocking
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L(G) = {;bc }
L, (G) = {ab}
G is blocking

EUO ={b} EUC={C}

FEEDBACK CONTROL WITH SUPERVISOR
An Examele

e )= {a}
Ha)={b— Ha)=1bd I
“Slabh=1{d £
P
€

OO~0~C




!ﬁ FEEDBACK CONTROL WITH SUPERVISOR
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L(G)= {;bc } S,(e)={a}
L, (G) ={ab} S.(a)={b,c} 5
G is blocking
E,={b} E,.~(c} ta} P
b C d
O~O~0~O
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L(G) = {;bc } S.(6) = {a)
Lm (G) = {Clb} SP (a) _ {b, C} )
G is blocking
E,.={b} E,.={c} {b,c} =
ab
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L(G) = {;bc }
L, (G) = {ab}
G is blocking

EUO ={b} EUC={C}

FEEDBACK CONTROL WITH SUPERVISOR

An Examele

{b,cj

Sp(€) =1aj
Sp(a) =1b,c;

acC

abc

L(S/G)=L,(S/G)
S /G is blocking
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Required (marked) language : L. (L,,)

(minimal required behavior)

Admissible (marked) language : L (L, )

(maximal admissible behavior)

L CL(S/G)CL CL(G)
L CL(S/G)YCL CIL (G)

For partial-observation problems, S is replaced by Sp.
When blocking is a concern, we focus on ensuring L, (S/G)CL,,, as well as mitigating blocking.

Assumption: L, =L

a

In the sequel, we will consider all languages regular.
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AUTOMATON MODEL OF SPECIFICATIONS

Combination of Hy,,.and G to obtain H, such that L(H,)=L,
This is valid for other language requirements as well.

In this case, we say that H, is a recognizer of L.,

» If the events that appear in G but notin H,. are
irrelevant to the specifications that H;,,
Implements, then we use parallel composition

* If the events are absent from H,,,. because they
should not happen in the admissible language L.,
then we use product composition
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Examele: Illegal States
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1. delete illegal states from G, by removing the
states and the transitions attached to them,
obtaining G’;

2. H,=Ac (G)

3. L(H,)=L,

If the specification also requires nonblocking
behavior

« delete illegal states from G, by removing the
states and the transitions attached to them,
obtaining G’

 H_=Trim (G’)

+ L (H)=L, and LHz)=Lym



Iﬁ AUTOMATON MODEL OF SPECIFICATIONS
Example: State Splittin

curenios  If @ specification requires remembering how a particular state of G was
reached in order to determine what future behavior is admissible, then that
state must be split into as many states as necessary. The active event set of
each newly introduced state is adjusted according to the respective
admissible continuations.

SUPERIOR
TECNICO

al precedes a2 iff b1 precedes b2




Ui AUTOMATON MODEL OF SPECIFICATIONS
Example: State Splittin
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The trim automaton H, is such that L, (H,) contains only the
admissible strings of L, (G) and is also nonblocking.

Discrete Event Dynamic Systems 2002 - ©Pd U. Lima
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Example: Event Alternance
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If a specification requires the alternance of two events (e.g.,
a and b, with a being the first event to occur)

a

fpo==0

Hy = Hspedl G

Both states of H,,,. are marked since the specification does not

involve blocking; therefore, marking in H, is consistent with
marking in G.



m AUTOMATON MODEL OF SPECIFICATIONS
Example: Event Alternance

INSTITUTO

KNS Hy= Hepedl G
; b
Hsp( : >@ | GH%‘ z >%
HL)@ i >@< Z

Both states of H,,,. are marked since the specification does not

involve blocking; therefore, marking in H, is consistent with
marking in G.
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Example: Event Alternance
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S(s)

Ex.: aaaabbaabab in L(G) = ababab in L(S/G)
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Example: lllegal Substring
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If a specification identifies as illegal all strings of L(G) that contain
substring S = 07...0,& E

we build Hg,o. = (X,E,f X, X) as follows:
1. X={¢,04,0,05,..., 01...0,.1}
(i.e., we associate a state of H,,. to every proper prefix of s;)
2. (a)f(oy...0,,0,41)= 04...0,0,,4, fOr i=0,...,n-2.
(b) Complete fto E (except for state o,...0, 4, completed to E \ {c,},
since O, is illegal in that state:

f(o,...0,y)= state in X corresponding to the longest suffix of
01...0iY
3. Take x,=¢

L(H

spec

)=L,(H,)=E \{strings having s, as substring}
H, = Hspeé‘ G
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GivenaDES Gwith E,_CFE anda
specification language K € L(G), K = O
There exists supervisor S such that L(S/G) =K
iff
]?Euc NL(G)C K (controllability condition)

“If you cannot prevent it, then it should be legal *

Proof is construcive: R SHENAEOEARGER)



!ﬁ DEFINITION OF CONTROLLABILITY
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M =M and K languages over event set E
If KE,NMCK
Then Kis controllable with respect to M and E.c

Controllability is a property of the prefix-closure of a language, thus
K is controllable iff K is controllable.

R




!ﬁ REALIZATION OF SUPERVISORS
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that the supervisor S defined by
S(s) =[E,, NT(f(x,.s)]U PEE, :s0EK |
results in L(S/G)=K, excluding K = L(G) and K = .

How do we build a convenient representation of S?

« domain of S can be restricted to L(S5/G)= K.
G is an automaton — we use also an FSA to
represent S (this is called a realization of S)

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control




!ﬁ REALIZATION OF SUPERVISORS
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an automaton R that marks the language K.

R=(Y.E,g.Tx¥5Y)
LR = L(R)= K.

Note that
[(RxG)= RN LG)= KN L(G)= K= L(S5/G)
LidRx G) = L R)N [ G) = KN Lp(G) = (S/G)N LpG) = L (S/G)

and also that RIll G= Rx G , since R and G share the same

event set E. This means that S(s) is encoded in the transition
structure of R:

S(s)=[E,. NT(f(x,.))IU{oE E, :s0 €K} — fromtne

controllability of K

= R(g(yoss)) = FRxg(gX f((yo,xo),s)) —— from KC L(G)



REALIZATION OF SUPERVISORS

How is S implemented?

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control
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Induced Supervisors

Q: If we are given automaton C and form the product

CxG@G, can that be interpreted as controlling G by some
supervisor?

§°(s) - {[Em AT (f(x,,9) JU[oEE, :so€L(C)] if sEL(G)NL(C)

E otherwise

2002 - © Pedro U. Lima
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KE,NMZK wrtM=MCE andE, CE

We assumeK & M, but we do not assumeK to be prefix - closed

K ' is the supremal controllable sublanguage of K

K *€ is the infimal prefix - closed and controllable superlanguage of K

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control



THE PROPERTY OF CONTROLLABILITY

Properties of controllability

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control
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Nonconflicting languages

Intuitive meaning: if K, and K, share a prefix, then they
must share a string containing that prefix.

» Note that KN K> 2 (K N K>) always holds.
* Prefix-closed languages satisfy the above condition.

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima
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class of controllable sublanguages of K

class of prefix-closed and controllable superlanguages of K

ge C, (K)and M € CC,, (K)

out

2002 - © Pedro U. Lima
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Existence

We would like to find the “largest” sublanguage of K which is controllable.

Q: Does it exist?
A: Yes!

By definition, L C K'C, for any L € C;,(K) = KICis the supremal controllable sublanguage of K.

* In the “worst” case, K'¢ = &
* If K is controllable, then K¢ =K



SUPREMAL CONTROLLABLE SUBLANGUAGE

Properties

KC K=K C
Proposition: If K is prefix-closed, so is K'C.

Proposition (properties of the 1 C operation):

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control
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Example of supremal controllable sublanguage
fH%

lbz bz b,

mf "

K = {azbzalb ,a,a,b,D ,alazblbz,alblazbz}
L(G)=M,E, = {a29b2} K" =7

K 1s not controllable a,a, €K can be extended in M by the uncontrollable
— _
(wrt. Mand E,): event b,, and a,a,b, € K
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Removing from K all strings that contain a,a, as a
prefix, we get the language

K, = {azbzalbbazalbzblaalblazbz}

K. is not controllabl eal € K, can be extended in M by the uncontrollable
1

eventa,,and a,a, €K,

Removing now from K, all “>@—->@
strings that contain a, as a e e e
prefix, we get the language ’ —f>é

K, = {a2b2a1b19a2a1b2b1} 8 a, %bz b, ébz

K™ =K,



Iﬁ INFIMAL PREFIX-CLOSED
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Existence

We would like to find the “smallest” superlanguage of K which is controllable.

Q: Does it exist?
A: Yes!

By definition, KI€C L, forany L € CC, (K) =

K \C is the infimal prefix-closed controllable superlanguage of K.

* In the “worst” case, KI¢ =M
* If Kis controllable, then KI€ =K



INFIMAL PREFIX-CLOSED
CONTROLLABLE SUPERLANGUAGE
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Properties

KC K= K C KV C

Proposition (properties of the |C operation):

2002 - © Pedro U. Lima
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lb2 lbz

@

K= {azbzalb1 ,aya1byby, ayay b,y a1byay by }
L(G)= M. E, =a.b,}

Solution to make K controllable is to extend a, a, with a string of
uncontrollable events of length one K*“ = K U {alazbz}:

b,
b,
b,



!ﬁ SOME SUPERVISORY CONTROL PROBLEMS
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Typically we want

OCL CLCCLIS/G)CLCL CL(G)

This is the range problem, for L, and L, prefix-closed languages.
The problem has solution only if L CL'“.

We will investigate next two particular cases of this.
We are not concerned with blocking yet.



lﬁ SOME SUPERVISORY CONTROL PROBLEMS
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sUrERiot for a DES G with eventset Eand E, CEand L, =L, C L(G)

Basic Supervisory Control Problem (BSCP)
Find a supervisor S such that:

1. L(S|GCL,
2. L(S|G)is"the largest it can be", i.e., forany other

supervisor S, such that L(S ,..|G)E L,,L(S,,.. | G)E L(S|G)
Solution: L(S|G) = LIS

The behavior of G is restricted in order to stay inside the admissible behavior, but no more than necessary.
L, is obtained from L(G) by removing illegal states in G and illegal strings in L(G).




|ﬁ SOME SUPERVISORY CONTROL PROBLEMS
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sUPERIOR - for a DES G with event set E andE,. € Eand L. € L(G)

Dual of Basic Supervisory Control Problem (DuSCP)

Find a supervisor S such that:
1.L(S|G)2L,
2?2 L(S|G)is"the smallestit can be", i.e., for any other

supervisor S, such that L(S,, |G)2L.,L(S,,.. |G)=2L(S|G)

Solution: L(S|G)=LC

In a range problem, the behavior of G is restricted in order to be the smallest solution inside the range.
Again, the essence of the control problem is to handle the presence of uncontrollable events.




!ﬁ SOME SUPERVISORY CONTROL PROBLEMS

surerion . for a DES G with eventset Eand E,C E

NS esired language L, C L(G) and tolerated language L, E C L(G)

where L, C L

es — “tol

Supervisory Control Problem with Tolerance (SCPT)

Find a supervisor S such that:
1.L(SIGCL, S/G can never exceed the tolerated language

2. for all prefix - closed and controllable K C L _,,
KNL, CLSIGYNL,, S/G to achieve as much of L 4, as possible

KN Lyes= LS G)N S1G)C K
3. Les= L3I 6) Ldes:>a§k1ieve)2. with the smallest possible L(S/G)

by 1. T
Solution:yﬂgﬁ—» byb;3-

The idea is to achieve as much as possible of the desired language without ever exceeding the tolerated
language. Unlike in the range problem, we allow not achieving all of L .., as long as we achieve as much of
it as possible. Think of L, ..as the solution to adopt if all events were controllable.




!ﬁ NONBLOCKING CONTROLLABILITY THEOREM
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sublanguage of L, (G), and S 1s required to be nonblocking, 1.e.,

L (S/G)= L(S/G)

GivenaDES Gwith £ C E anda

specification language KC L.(G), K= &
There exists a nonblocking supervisor S such
that 1 (S/G)=Kand L(S/G)=K
. {KEUCH L(G)C K (controllability condition)
K=KNL(G) (L,(G)-closure)




Iﬁ NONBLOCKING CONTROLLABILITY THEOREM

INSTITUTO

sursnios proof is again constructive - same supervisor as for the CT:

L (G)-closure condition:

K CKNL (G) always holds.

K DK NL (G) maynot hold.
Example:

L, (G)= {0519051/310‘1»0‘1/310‘1/310‘1}
K = {0‘1/31051}

K violates the L (G)-closure condition since it does not contain string o.

KC L(G), KEK
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L,.(G)-closure condition typically holds by construction of K, when K is interpreted

as “admissible marked behavior”. Some supporting arguments:

» marking is a property of the uncontrolled system G

» specifications are usually stated in terms of prefix-closed languages K =K
spec spec

 the admissible marked language is K = Kspec NL,(G)

* such a K'is guaranteed to be L, (G)-closed.

so we will assume that any “admissible marked behavior” satisfies the L, (G)-
closure condition and will be concerned with the controllability condition only.

Proposition (further properties of the 1 C operation):




Iﬁ NONBLOCKING SUPERVISORY CONTROL
INSTITUTO for a DES G with event set E

rEcNico d
an E.CFEandL, C L (G),with L assumedtobe L (G)-closed

Basic Supervisory Control Problem - Nonblocking (BSCP-NB)
Find a nonblocking supervisor S such that:

1. L (SIG)C L,

2. L (S|G)is"the largestit can be", i.e., forany other
supervisor S, suchthatZ (S, .. |G)CL
L, (Sope, |G L, (S| G)

Solution: L(SI G)= L and L (S G)= LS, 11C = &

other am?®
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Note that

Lam= Lam Ll G) = L85~ L1S1 L, G)

guarantees that
L (S|G)=L* whenever
L(S|G)=L!C.

Hence, S can be realized by building a recognizer of LL,%



|ﬁ MODULAR CONTROL
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S, : Smod12 (S)= S (S)m 5, (S)

s,k Lo/ G)=L,(5,/GINL, (S,/G)

s | Note: Given standard realizations R,
AND and R, of S, and S,, respectively, the
standard realization of S, _,,, could be

obtained by building R=RxR.,.
G However, we may need to store as

' many as n,n, states.
Smod]Z(S) e

Using S,,,4/> We can still interpret the supervision of G by S, ., as

R XR,XxG, but only n, + n, states must be stored.



!ﬁ MODULAR SUPERVISORY CONTROL PROBLEM

msmvie for a DES G with event set Eand E,.C Eand
admissible language L, =L, NL,,, whereL =L CL(G), i=1,2

TECNICO
ai —

Modular Supervisory Control Problem (MSCP)
Find a modular supervisor S, such that
L,(S1G) =L,
which is the same as what can be achieved by BSCP
(monolithic approach)
L(S,|G)=L!C, i =12 and then take
Solution: Sinod (8) = Soain (8) = 5, M S,

—

This holds because the L s are prefix-closed




!ﬁ MODULAR SUPERVISORY CONTROL PROBLEM

INSTITUTO

surerior. The same simple approach does not necessarily work in general
for the nonblocking version of MSCP.

Proposition (honblocking modular supervisors):

Let S;, i=1,2, be individual nonblocking supervisors for G. Then
Soq12 1S nonblocking iff L, (S,/G) and L,(S,/G) are
nonconflicting languages, that is, if and only if

[ §/6)N LS /6G) = Lpf§/G)N L% /G).
=L C L (G), and

Implication: ifwe considerf, =1 NL _ ,where L =L C
eachL . 1sL, (G)-closed,i=12 (= L,1sL,(G)-closed), the intuitive approach
of first synthesizing S; such that (s |G)= L' and then forming S,,,4;, yelds:

L(S_ ., /G) = 'S N LL;;K is prefix-closed, so is K19 property 1. of 1C

aml

2
L, (S 0a12/G) = LTafnl a LTafnz ML, (G@Ltlfnl M LTa(;;z é(l‘aml a Lamz)TC = LTaia
e blocking!
does not occur only iff L, and L !¢ are
nonconflicting




!ﬁ MODULAR CONTROL

INSTITUTO

igZENR'Ié)g Exam p I e : the D i n i n g P h i Ioso p h e rs (reprinted from [Cassandras, Lafortune])
i

1f, 2f uncontrollablg

(1E,2T)

2f0

of

(1T,9E) (112,2E)

(a)

R, x G represents the behavior of S,/G —

Supervisors for:
(a) Fork 1 (S,)
(b) Fork 2 (S,) of

S, is designed to avoid fork /
being used by both philosophers
and is realized by R,

(111,2E)

(b)

R, x G represents the behavior of §,/G

Modular Supervisor

R, x R, x G represents the behavior of S,
and it is blocking.

This is because the 2 languages L,.(S,|G)
and L, (S,|G) are conflicting. E.g.,

112 2f1e1f1+1f *2f22f €L (S, |G)
1f2¢2f1+ 22 2f *1f121f €L _(S,|G)
1f2+2f1€L (S,|G)N L (S, |G) but
112+ 2f1¢L (S,|G)NL (S, |G)




!ﬁ OBSERVABILITY CONDITION

RRRRRRRR

“If you cannot differentiate between two
strings, then these strings should require the
same control action ”

or

“If you must disable an event after observing a
string, then by doing so you should not disable
any string that appears in the desired behavior “



!ﬁ DEFINITION OF OBSERVABILITY

“iies Given E E CEandP:E —E

M =M and K languages over event set E

K 1s observable with respect to M, P,and £,

if forallsEK and for all cEE, - ES'
(SO%E)A (soeEM)= P'I[P(S)]b}ﬂ[?=@
I

all strings with the same projection as s

if this does not hold, no supervisor can —

differentiate between s and s’ such that When s€K,scEM,c€E, controllability implies
P(s)=P(s’), yet these strings may require that soek ,i.e., there is no need to worry
different control actions regarding S (e_g_, about observability issues for uncontrollable
when s¢X but s'0€K ) events for controllable Kw.rt. Mand E

K observable iff K observable



!ﬁ CONTROLLABILITY AND OBSERVABILITY
THEOREM

SUPERIOR DESG: G=(XEf,L, x0,X)
Uncontrollable events : E,.C E
Observable events : E,C E

Projection : P:E — E;
Language KC L.(G)

There exists a nonblocking P-supervisor S, for G such
that [ (S,/G)=K and L(S,/G)=K
iff
K is controllable with respect to L(G) and E_,
K is observable with respect to L(G), P and E,

Kis L,(G)-closed, i.e., K=KNLG)



|ﬁ CONTROLLABILITY AND OBSERVABILITY
THEOREM

INSTITUTO

soreriok - Proof is constructive:

This supervisor enables, after string t € P[L(G)]:
I.  All uncontrollable events

ii. ~ All controllable events that extend any string s’, that
projects to t, inside of K

Note that i. Needs to enable only feasible (i.e., those

enabled by L(S5/G)) uncontrollable events — but this
simplified the notation.



!ﬁ CONTROLLABILITY AND OBSERVABILITY
THEOREM

INSTITUTO
SUPERIOR

TECNICO Coro"ary

Given DES G: G=(X,Ef,L, X0, Xm)
Uncontrollable events : E,.C E
Observable events : Eog E

Projection : P-E - E
Language KCLG).,K=J

There exists a P-supervisor S, for G such that
L(S,/G)=K
iff
K is controllable w.r. t. L(G), E,. and observable w.r. t. L(G), P, E

Cc



!ﬁ OBSERVABILITY TEST

INSTITUTO :
SUPERIOR conflict

TEcNIco observer

Tyigon=1{01, b}
DATABASE PROBLEM 1,4,9 1) M2
Euo ={a2}9 Ec =E { }

—  {0,3} a1{{1,4,9} ) (2,5

b, b, b,

A
a, b,

{6} {7} " {8}

K cannot be achieved by supervisory control
even if all events are controllable

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control



|ﬁ OBSERVABILITY TEST

INSTITUTO
SUPERIOR
TECNICO

DATABASE PROBLEM

solution A Euo
@

k

b

‘al.bl‘

)

observer

= {a2}9 Ec = E

\ 4

~
o
—

A 4

{7}

{8}

No control conflict, so
K can be achieved by supervisory control




|ﬁ OBSERVABILITY TEST

INSTITUTO
SUPERIOR

TECNICO observer

DATABASE PROBLEM
solution B Euo = {a2}9 Ec = E

A 4

v

- {0}

{1,9} {2,5}

b,

A

{8}

No control conflict, so
K can be achieved by supervisory control




!ﬁ REALIZATION OF P-SUPERVISORS

INSTITUTO
SUPERIOR

renico If KC L(G) is controllable and observable, the COT tells
us that the P-supervisor S; defined by

S,(t)=E,UP€EE,:3, [P(s") =]} tEP[L(G)]
results in L(S,/G)=K, excluding K = L(G) and K = .

Again, we restrict S, to be realized by an FSA

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima




!ﬁ REALIZATION OF P-SUPERVISORS

INSTITUTO —

2 JERIon 1. Build a trim automaton R that generates and marks the language K.
The event set of Ris E and E, is the subset of observable events;
2. Build R, the observer for R corresponding to the set E_;
=) |he active event set of R, does not necessarily encode the set of events
enabled by S, since it does not contain any information on what to do
with events in E.
3. Lettbe the current string of observable events and let X, ., .n: D€ the
state of R, after t (i.e., after the last observable event in t but before
the next observable event, R could be in any of the states in the set

X obs,current );

4. Then S;(t)= U I, (x), where I, is the active event function of R.

X ECobs ,current

Spredlized is admissible (since K is controllablle), and Sy (NN E, =S,(t)NE.,.
It is not necessary to store R, since we can pre-compute all the enabled events for each
state of R,..

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control




| Iﬁ | THE PROPERTY OF OBSERVABILITY

INSTITUTO
SUPERIOR

<e Properties of observability

E=E, ={a.Bfand E, = {8 }
M=%,0.p.0B} K, =t} K, =}

K, and K, are observable,but K = K, UK, = {a,[g’}is not.
Eg,s=a,s'=c,0=0€ELFL,
then so&K,scEM,s'cEK,s'cEM

-1 .
buts'c&€ P [P(s)]o since P(s) = P(s").



!ﬁ INFIMAL PREFIX-CLOSED
OBSERVABLE SUPERLANGUAGE

INSTITUTO
SUPERIOR

Existence

We would like to find the “smallest” superlanguage of K which is
observable with respect to fixed M, E, and E..
Q: Does it exist?

By definition, K!© C L and is not empty because M € CO, (K), forany L € CO, (K) =

= K 10 is the infimal prefix-closed observable superlanguage of K and belongs to CO, «(K)

* In the “worst” case, KI°=M
* If Kis observable, then K\© =K

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control



|ﬁ OBSERVABILITY, CONTROLLABILITY AND
INTERSECTION

INSTITUTO
SUPERIOR

TECNICO The results about |C and |O can be combined to conclude
that the infimal prefix-closed observable and controllable
superlanguage of a given language does exist.

CCO,(K) contains the superlanguages of K that are prefix-
closed, controllable and observable. CCO, (K) is closed
under arbitrary intersections, therefore its infimal element
exists and is the infimal prefix-closed observable and
controllable superlanguage of K, denoted as K'C©,

* In the “worst” case, KI¢0= M
* If Kand M are regular, K'© and K!¢© are regular
(there are formulas to compute them)



!ﬁ SUPERVISORY CONTROL PROBLEMS

UNDER PARTIAL OBSERVATION

e for a DES G with eventset Eand £, CE,P:E —E ,E_CEandL, =L, C L(G)

TECNICO

Basic Supervisory Control and Observation Problem (BSCOP)
Find a supervisor S, such that:

1. USI6)CL,

2 L(S,[G)is"the largest it can be", i.e., forany other
supervisor S, such that L(S ,.. |G)E L, L(S,,,. |G)C L(S,|G)

for a DES G with event set Eand ~ E,C E,P:E — E,, E,,;C Eandl, = L, C L(G) and
admissible marked language L, € L (G),L_ 1sL (G)-closed

BSCOP - Nonblocking (BSCOP-NB)

Find a nonblocking P-supervisor S such that:
1. LGS, 16) CL

2. L (S, |G)is"the largestit can be", 1.e., for any other
P -supervisor S, suchthat L (S, |G)CL
Lm (Sother | G) g Lm (Sp | G)

other am?




!ﬁ SUPERVISORY CONTROL PROBLEMS
UNDER PARTIAL OBSERVATION

INSTITUTO
SUPERIOR
TECNICO

Due to the results on observability and union, the supremal
observable sublanguage of a given language need not exist.
Therefore, the supremal observable and controllable sublanguage
of a given language need not exist.

=>|n general, there is no solution for BSCOP and BSCOP-NB that satisfies
requirement 2. of both problems.

One possible approach to overcome this difficulty is to calculate maximal
(w. r. t. set inclusion) observable and controllable sublanguages of L, (and

Lam)-
By maximal we mean that there is no other observable and controllable
sublanguage strictly larger than the maximal one, but there may be other

incomparable maximals.
In that case, 2. is replaced by the weaker (SelG

2. USpthel G)C Ly = LSl G)T USothel G) @m



!ﬁ SUPERVISORY CONTROL PROBLEMS
UNDER PARTIAL OBSERVATION

INSTITUTO

sueerior - for g DES G with eventset E E,CE,P:E" —E, E, CEandL =L CL(G)
and

Dual of BSCOP (DuSCOP)

Find a P-supervisor S, such that:
1 L(S,|G)2L,
? L(S, | G)is"the smallestit can be", i.e., forany other
supervisor S,, suchthat L(S . |G)2L,.,L(S,,, |G)=2L(S,|G)

other other other

Solution: L(S, |G)=L!*°

Note that L, need not be prefix-closed and could be given as a
subset of L, (G)




!ﬁ THE PROPERTY OF NORMALITY

INSTITUTO
SUPERIOR

icuce Consider M =M CE',andP:E" —E,
K C M is said to be normalw. r.t. M and P if

K =P '[P(K)]N M.
i.e.,K can be exactly recovered fromits projectionP(K ) and from M.

@ and M are both normal.

K C P'[P(K)]N M always holds.



Iﬁ THE PROPERTY OF NORMALITY

INSTITUTO

sorsnes Normality and Observability

Normality = Observability

Normality and Union

Normality is preserved under union

therefore, we can establish the existence of:
 the supremal normal sublanguage of K, denoted as KN
« the supremal controllable and normal sublanguage of K, denoted as K'CN

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control



!ﬁ THE PROPERTY OF NORMALITY

INSTITUTO
SUPERIOR

reenice Equivalence of Normality and Observability

when all the controllable events are observable, or equivalently, when all the
unobservable events are uncontrollable, the intrinsic difficulties associated
with observability and in particular the lack of existence of a supremal
observable sublanguage are alleviated if controllability enters the picture.
This is because controllability will “take care of” some of the unobservable
events and “reduce” observability to normality, a better behaved property.

In these cases, BSCOP and BSCOP-NB do have “optimal” solutions



Iﬁ THE PROPERTY OF NORMALITY

INSTITUTO
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Properties of Normality

* When K and M are regular, then so are K™ and KN
* If Kis prefix-closed, then so are K™ and K'CN
* If Kis L, (G)-closed, then so are KN and K'CN (useful for BSCOP-NB)

K'CN provides a sub-optimal solution to BSCOP and BSCOP-NB - it
meets requirement 1 but not necessarily 2. This solution may not be

maximal in general, i.e., there may be CO languages that are strictly
larger than the supremal CN sublanguage.




!ﬁ DECENTRALIZED CONTROL

INSTITUTO
SUPERIOR

. S) Po(s)
S, )

S,(s) P(s) P,
S «
AND P,
G
Sdec(S) A)

Global behavior is described by L(S,./G).
“Local” behaviors are described by PL(S,./G) ]

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control



!ﬁ DECENTRALIZED CONTROL

INSTITUTO

sienice Q.: Given a “target” language K that restricts the global behavior L(G), what is
the necessary and sufficient condition on K, beyond controllability, that will
ensure the existence of S, i=1,...,n, such that L(S,,/G) = K?

H.: the condition must be stronger than

K'is observable w.r. t. L(G), E, and E,
since if the centralized problem cannot be solved, neither can the decentralized
problem.
However, it should be weaker than

Kis observable w.r.t. L(G), P;and E; , i=1,...,n
since there may be events that can be controlled by more than one supervisor,
therefore we may not need full “local” observability at all sites. The supervisors
may be able to “share the work” on the common controllable events, in the
sense that no single supervisor is uniquely responsible for disabling these
events. Which supervisor disables a common event could depend on the string
of events executed so far by G.



CO-OBSERVABILITY

INSTITUTO
SUPERIOR

rewce et K and M = M be languages over event set E.
E ,EE CEP:E —E ,i=1,...,n

1,02 "i,c — 1,02

K'is said to be co-observable w. r. t. M, P,
and E; . if, for all sEK and for all cEE,

Discrete Event Dynamic Systems 2002 - © Pedro U. Lima Supervisory Control



!ﬁ CO-OBSERVABILITY
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IfE, =E,E, =E, and
E, =E =@, j=1..nj=i

then co - observability reduces to observability

ItE, NE . =D ij=1,...,n;
then passing the buck does not apply and

co - observability of K 1s equivalent to

K is observable w.r.t. L(G), P; and E;_ for each i=1,...



Iﬁ CONTROLLABILITY AND CO-OBSERVABILITY THEOREM

L DESG: G=XEFRL X0, Xm)
TECNICO
Uncontrollable events :E; . E.= ENE,-C E
Observable events :  Ejp E,CE

Projection : 'E/?:E?k%EZo, [=T...1
Language KCL.(G), K=
There exists a nonblocking decentralized supervisor S, for G
suchthat [ (S, /G)=K and L(S, /G)=K
iff
K is controllable with respect to L(G) and E_,
K is co-observable with respect to L(G), P;and E; , i=1,...,n

i,c’
Kis L, (G)-closed

Proof is constructive:
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Further reading

» Reduced-state realization of supervisors
« Algorithms to compute K'C and K!¢

« SCPB Supervisory Control problem

Other references

« Supervisory Control of Discrete Event Systems Using Petri Nets, J. O.
Moody, P. J. Antsaklis, Kluwer Academic Publ., 1998 (ISR)

* “The Control of Discrete Event Systems”, P. J. Ramadge, W. M.

Wonham, Proceedings of the IEEE, Vol. 77, No. 1, pp. 81-98, January
1989
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